Using quantitative anatomical techniques, we show that after intraorbital optic nerve transection in adult rats, virtually all retinal ganglion cells (RGCs) survive for 5 cl and then die abruptly in large numbers, reducing the RGC population to approximately 50% of normal by day 7 and to less than 10% on day 14. During this period of rapid cell loss, some RGCs show cytochemical alterations indicative of apoptosis ("programmed cell death"), a change not previously categorized after axotomy in adult mammals. With intracranial lesions 8-9 mm from the eye, the onset of cell death is delayed until day 8 and is greater with cut than crush.
The demonstration that axotomy results in apoptosis, the long interval between axonal injury and RGC death, and the different time of onset of the massive RGC loss with optic nerve lesions near or far from the eye suggest that axonal interruption triggers a cascade of molecular events whose outcome may be critically dependant on the availability of neuronal trophic support from endogenous or exogenous sources. The role of such molecules in RGC survival and the reversible nature of these injury-induced changes is underscored by the temporary rescue of most RGCs by a single intravitreal injection of brain-derived neurotrophic factor during the first 5 d after intraorbital optic nerve injury (MansourRobaey et al., 1994 Retinal ganglion cells, as well as other CNS neurons, may die as a result ofaxonal injury (Grafstein and Ingoglia, 1982; Allcutt et al., 1984; Misantone et al., 1984; Barron et al., 1986; VillegasPCrez et al., 1993) . In adult rats, for example, more than 90% of retinal ganglion cells (RGCs) die within 2 weeks of axotomy in the optic nerve (ON) near the eye (Villegas-PCrez et al., 1988) . The mechanisms responsible for the loss of these and other axotomized CNS neurons are unclear but acute alterations in cellular homeostasis, excitotoxicity, the local production of free radicals harmful to nerve cells, and a loss of trophic support from targets have all been implicated (for reviews, see Choi, 1992; Snider et al., 1993) . The importance of specific molecules for neuron survival is emphasized by the observation that certain growth factors can prevent the death of several classes of injured PNS and CNS neurons (e.g., Hendry and Campbell, 1976; Yip et al., 1984; Hefti, 1986; Williams et al., 1986; Sendtner et al., 1990; LaVail et al., 1992; Clatterbuck et al., 1993) . In the rat retina, most axotomized RGCs are temporarily rescued when a single injection of brain-derived neurotrophic factor (BDNF) is administered into the vitreous chamber within the first 5 d after ON transection near the eye (Mansour-Robaey et al., 1994) . Furthermore, during the first week after axotomy, the injured RGCs show little change in the expression of certain mRNAs and in the rates of slow axonal transport, but their values drop rapidly thereafter (McKerracher et al., 1990 . The existence of an early period after axotomy when these CNS neurons appear capable of overcoming injury has lead us to investigate the characteristics of this axotomy-induced cell loss. For this purpose, we have defined further the patterns of early RGC loss after ON injury and examined the axotomized RGCs for cytologic evidence of apoptosis. This form of cell death can be due to the expression of genes involved in "programmed" cell death (Johnson and Deckwerth, 1993; Vaux, 1993) , including that caused by the withdrawal of trophic support from neurons cultured in vitro (Martin et al., 1988; Batistatou and Greene, 1991 To validate the completeness of axonal interruption after ON crush, FG was applied to the SC of two animals immediately after ON crush and one animal after ON cut. The retinas from these animals, examined at 1 week (one crush, one cut) and 6 weeks (one crush), did not show FG labeling in the retina on the side of the ON lesion while the contralateral retina contained a normal population of FG-labeled cells.
Feulgen stain fir DNA. Retinas from animals with one ON cut intraorbitally were fixed with 4% formaldehyde, frozen in liquid nitrogencooled isopentane, sectioned radially at 20 grn thickness in a refrigerated microtome, and mounted on glass slides. To detect changes in the nuclei of axotomized RGCs, these retinal sections were processed with the Feulgen stain, which uses the Schiffreagent to demonstrate nuclear DNA (Clark, 198 1) .
In situ labelmg of DNA fragmentation. Other retinas were processed for terminal deoxynucleotidyl transferase (TdT)-mediated deoxyuridine (dUPT)-biotin nick-end labeling (TUNEL) according to the method of Gavrieli et al. (1992) by incubating the frozen sections for 60 min at 30°C with TdT, biotinylated dUTP in TDT buffer (30 mM Trizma base, pH 7.2, 140 mM sodium cacodylate, and 1 mM cobalt chloride). After rinses, the sections were processed for avidin-peroxidase activity. AS positive controls, some sections were treated with DNase I (1 @'ml; Sigma Chemical Co.) prior to the TUNEL reaction.
Light and electron microscopy of optic nerves. After fixation by perfusion with 4% formaldehyde in 0.1 M phosphate buffer, the optic nerves from the animals with intracranial lesions were dissected, postfixed in 2.5% glutaraldehyde/OS% formaldehyde and then osmium tetroxide, embedded in epoxy resin (Epon), and cut into 2 mm lengths prior to polymerization. Cross sections for light (1 Frn) and electron (100 nm) microscopy were stained with Malloy's azure II-methylene blue and lead citrate, respectively.
Results FG-labeled RGCs were recognized by the fine, punctate fluorescence in the perinuclear cytoplasm and proximal dendrites ( Fig. 1) . In control retinas, the mean density of these labeled RGCs was 2 144 & 176 cells/mm* (mean +-SD; n = 8). These values, which correspond to the previously reported DiI-labeled RGC densities in control retinas of 2288 t_ 66 cells/mm2 (Villegas-Perez et al., 1993) did not change during survival times of 1 week to 1 month.
Onset of RGC loss. After intraorhital ON transection close to the eye, the retinas' RGCs appeared normal (Fig. la,b ) and the number of Fluorogold-labeled RGCs remained similar to those in the control retinas until day 5 (Fig. 2) . Over the next 9 d, however, most of these RGCs were lost so that the remaining population fell to 5% of control values by day 14 (Figs. lc, 2) .
With intracranial lesions, the pattern of RGC loss differed in two respects: the latency to the onset of RGC loss was longer and fewer RGCs were lost (Fig. 2) . Seven days after intracranial cut of the ON, mean RGC densities (2 145 f 218 cells/mm*) were not significantly different (p > 0.05) from control values. On day 8, however, RGC densities fell significantly (p < 0.01) to 66%, with continued declines to 54% of controls by day 14. Post hoc analysis within groups by the Tukey protected t test: for IO cut on day 5 and later, and for IC cut on day 8 and later, the RGC densities were less than uninjured controls, p < 0.01; for IC crush, RGC densities were significantly less than controls on day 10 and day 14 (p < O.OS), and on day 28 (p < 0.01).
Following intracranial ON crush, RGC loss was even less; RGC densities only decreased to 90% at 2 weeks and to 80% at 4 weeks (Fig. 2) . Cytologic changes in axotomized RGCs. Radial sections of control and axotomized retinas from rats with intraorbital ON transection were processed by the Feulgen reaction to identify changes in nuclear chromatin. On days 5 and 7, when RGC loss was intense (Fig. 2) , one or two cells per section in the ganglion cell layer showed clumped and fragmented nuclei (Fig. 3) . Nuclei showing such "apoptotic bodies" were not seen on days 1 or 3 after intraorbital axotomy or in the control retinas.
Five and six days after intraorbital ON cut, sections of retina, incubated with terminal deoxynucleotidyl transferase and biotinylated dUTP (Gavrieli et al., 1992) , showed similar small numbers of nuclei in the ganglion cell layer that were peroxidase positive (Fig. 4) . Such a finding indicated that these nuclei contained fragmented DNA, which is a hallmark of apoptosis (for reviews, see Bursch et al., 1990; Johnson and Deckwerth, 1993; Vaux, 1993) . In control retinas, no nuclei in the ganglion cell layer showed this reaction.
The small number ofnuclei showing apoptosis in these retinas is consistent with previous estimates that cells undergoing this type of death are eliminated in 3 hr or less (Bursch et al., 1990) .
Histologic alterations in the injured optic nerves. The proximity of the intraorbital lesions to the eye precluded a detailed examination of surviving RGC axons in the short ON stump, in which the myelin rapidly degenerates and axonal sprouts develop during the first week after axotomy (Hall and Berry, 1989) . After the intracranial lesions, however, it was possible to compare changes in the RGC axons in the ocular stump of the ON with the numbers of surviving RGCs. At 1 week, when RGC counts were still normal, the ON segment l-2 mm from the eye (Fig. 5b) resembled the control optic nerve (Fig. 5a) . At 2 and 4 weeks after intracranial cut, there were many disintegrating myelinated fibers (Fig. 5d ) but even at 4 weeks, most fibers were intact after the intracranial crush (Fig. SC) .
Discussion
The results of these experiments show that virtually all RGCs survive axotomy for several days. Subsequently, and at predictable times that can be correlated with the site of the lesion in the ON, large numbers of RGCs are abruptly lost. The interval that separates the time of axotomy and the death of so many RGCs corresponds approximately to the period when most injured RGCs show little change in slow axonal transport (McKerracher et al., 1990) , or in the expression of mRNAs for tubulin, neurofilament subunits, and glyceraldehyde-3-phosphate dehydrogenase . By the end of the first week after injury, however, there is a general fall in RGC expression of the mRNAs for these proteins to nearly onehalf of normal (McKerracher et al., 1990) and the rates of cytoskeletal transport along RGC axons in the ocular stump are decreased severalfold (McKerracher et al., 1990) . In light of the present anatomical findings, these molecular changes in the overall population of RGCs may represent landmarks that separate an early stage, when most injured RGCs survive, from a subsequent period when many of these neurons become vulnerable to endogenous mechanisms capable of inducing cell death. The predictable timing of the axotomy induced changes in the RGCs should facilitate additional investigations of the molecular events involved in these phenomena and the implementation of measures to enhance neuronal survival.
The existence of a window of opportunity for the early protection of these damaged neurons is further supported by the finding that the survival of many axotomized RGCs is enhanced by grafting a segment of peripheral nerve (PN) to the ocular stump of the ON at the time of.transection . Such PN segments presumably act as an'early source of critical molecules that influence neuronal survival (Heumann et al., 1987; Meyer et al., 1992) . Furthermore, intravitreal injections of BDNF temporarily prevent the death of virtually all RGCs when administered during the first 5 d after axotomy (Mansour-Robaey et al., 1994) . Recent studies of the effects of PN grafts and the administration of neurotrophins on RGC mRNAs for tubulin indicate that these experimental conditions result in enhanced tubulin gene expression . These overall findings further support the impression that some of the axotomy-induced changes in these CNS neurons are indeed reversible.
During the period of massive RGC loss after axotomy near the eye, some neurons in the ganglion cell layer exhibit nuclear fragmentation and histochemical staining indicative of DNA breakdown. These changes are considered to be morphologic correlates of apoptosis or "programmed cell death," a form of cell death that involves intrinsic cell mechanisms, including endonuclease activation and early DNA fragmentation (for reviews, see Bursch et al., 1990; Johnson and Deckwerth, 1993; Vaux, 1993) . Apoptosis is usually associated with developmental or physiological forms of cell death but is also seen after axotomy in neonatal animals (Johnson and Deckwerth, 1993) or the withdrawal of trophic support of neural cells in vitro (Martin et al., 1988; Batistatou and Greene, 199 1) . In the retina, apoptotic death of RGCs has been observed during normal development (Harvey et al., 1990; Ilschner and Waring, 1992) but has not been identified after axotomy in adult animals. However, chromatin condensation, an ultrastructural change that is now recognized as a correlate of apoptosis, was previously described in RGC nuclei following ON injury (Barron et al., 1986) . The rescuing effects of specific neurotrophins on injured RGCs (Clarke et al., 1993; Mansour-Robaey et al., 1994 ) and the present documentation of apoptosis in axotomized RGCs further suggest a role for trophic factor deprivation in the death of these CNS neurons.
The differences in the onset of RGC loss after ON injury near and far from the eye are puzzling. One possible explanation is that they reflect the time for retrograde transport of a signal from the end of the ON stump to the RGC nuclei. Singer et al. (1982) reported that a blockade of retrograde transport in motor nerves delayed axotomy-induced chromatolysis, suggesting that the induction of such changes depends on a transported signal. It is, however, difficult to conceive that such a putative message would take approximately 3 d to cover the S-10 mm that separate the two sites of ON injury studied in our experiments if retrograde transport rates remain at 200 mm/d.
The loss of RGCs observed after sectioning the ON near the eye may also relate to the removal of the entire optic nerve as a source of trophic support for these neurons. While the in vivo dependency of nerve cells on growth factors arising from their glial environment in the CNS of adult mammals has not been proven, there is increasing evidence for the presence of growth factors and their receptors in glial cells of the PNS and CNS in general (FrisCn et al., 1993; Korsching, 1993; Valenzuela et al., 1993) and in the rat optic nerve in particular (Jelsma et al., 1993a) . The mRNAs for BDNF and NT-4, neurotrophins that promote the survival of RGCs in vitro (Johnson et al., 1986; Thanos et al., 1989; Cohen et al., 1993) and in vivo (Clarke et al., 1993; Mansour-Robaey et al., 1994) have been identified in the intact ON and eye (Jelsma, 1993a; T. N. Jelsma, D. B. Clarke, A. J. Aguayo, and G. M. Bray, unpublished observations) , and BDNF is transported retrogradely along rat RGC axons . If the expression of these molecules were maintained (Jelsma et al., 199313) or transiently upregulated in the injured ON, as has been described for NGF mRNA in ON stump (Lu et al., 1991) Figure 4 . In situ labeling of fragmented DNA. Radial sections of retina were processed for terminal deoxynucleotidyl transferase (TdT)-mediated dUPT-biotin nick-end labeling (TU-NEL), and then incubated for peroxidase activity (Gavrieli et al., 1992) . a,. In a section of retina incubated with DNase prior to the TUNEL reaction, nuclei in all retina1 layers are peroxidase positive. b, In a retina 5 d after optic nerve section close to the eye, there is a shrunken, peroxidase-positive cell nucleus in the ganglion cell layer (CCL). Such staining indicates the presence of fragmented DNA, an early manifestation of apoptosis. In retinas with intact optic nerves, no nuclei in the ganglion cell layer showed this reaction, although some peroxidase reaction product was often present in the outer nuclear layer (ONL). ZPL, inner plexiform layer; ZNL, inner nuclear layer; OPL, outer plexiform layer. Scale bar, 35 pm.
IO cut 5 days b 1 GCL remains attached to the eye may reflect a larger source of these molecules from ON glial cells.
While the onset of RGC loss became apparent at similar times after both intracranial cut and crush, there were differences in the number of RGCs that survived after these intracranial lesions: 90% for crush and approximately 50% for cut after 2 weeks. Changes in the ON stump might also explain the relationship between the extent of RGC loss and the type of intracranial ON lesion. After intracranial ON cut, a core of myelinated fiber loss and macrophage infiltration extends from the injury site to within 3-4 mm of the eye (Grafstein and Ingoglia, 1982; Richardson et al., 1982; Berkelaar, 1992) . In contrast, the zone of severe injury only extended l-2 mm toward the eye after intracranial crush and many axons were still intact at 1 month (Berkelaar, 1992) . The greater numbers of glial cells that survive in the proximal ON stump after crush injury may be a source of trophic molecules that contribute to the increased survival of the RGCs after this type of injury. In addition, changes within the cut ON, including the presence of large numbers of macrophages (Berkelaar, 1992) may generate noxious molecules that further threaten the survival of RGCs under precarious trophic support (Thanos et al., 1993) .
In summary, the overall hypothesis proposed from these ex-
periments is that the severing of the RGC axons triggers a cascade of molecular events that result in the apoptotic death of many of the injured neurons several days after axotomy. These neurons may die when changes in gene expression signaled by intrinsic and extrinsic perturbations at the site of injury in the ON are accompanied by a deficit in trophic support from their targets and their non-neuronal environments. Most of the neurons that die seem to do so suddenly and only the evanescent cytologic features of apoptosis anticipate their rapid disappearance from the retina. The onset of RGC loss appears to coincide with a general shift in gene expression and a slowdown in the transport rates of cytoskeletal proteins (McKerracher et al., 1990 . Because this shift appears to involve all axotomized neurons in the retina, it may indicate the time when changes in gene expression induced by injury render the RGC particularly vulnerable to apoptotic death. While the loss of the cells whose trophic support is withdrawn in vitro is only delayed by a few hours (Martin et al., 1988; Batistatou and Greene, 199 I) , RGC survival in vivo may be initially extended by a limited provision of critical molecules from ON stores (Jelsma et al., 1993b) . Because other experiments indicate that the intravitreal injection of certain neurotrophins can further lengthen RGC survival (Mansour-Robaey et al., 1994; Clarke et al., 1993) , it seems 
